[1] Long-term satellite records have been used in previous studies to examine both trends 10 and interannual variability (IAV) of ozone in the stratosphere. In this study, we use 11 satellite measurements to produce long-term records of both tropospheric and stratospheric 12 ozone and we examine the IAV of these data sets. Our analysis of the stratospheric 13 component of these observations is consistent with previous findings for total ozone that 14 show a strong correlation with the quasi-biennial oscillation (QBO) at low latitudes. For 15 tropospheric ozone, we find that there are strong regional enhancements due to in situ 16 generation from large emissions. The IAV of some of these regional enhancements, on the 17 other hand, are strongly correlated with the phase of El Niño-Southern Oscillation 18 (ENSO) and are consistent with our understanding of how regions of subsidence are more 19 conducive to the in situ production of ozone pollution. The insight gained from this study 20 will hopefully provide a better understanding between prevailing meteorological 21 conditions and the evolution of widespread ozone episodes on shorter timescales with the 22 eventual goal of producing an air quality forecasting capability so that exposure of the 23 human population to elevated levels of ozone can be reduced. 
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28
[2] Elevated ozone concentrations produced as a result of 29 fossil and domestic fuel combustion contribute to a number 30 of human ailments such as respiratory diseases [Spektor et 31 al., 1988; Koren et al., 1989; Lippmann and Schlesinger, 32 2000] . Furthermore, the recent study by Bell et al. [2004] 33 shows that moderate increases in tropospheric ozone con-34 centrations of only 10 ppbv lead to increased rates of 35 mortality in U.S. metropolitan areas that translate to nearly 36 4000 premature deaths annually. Other studies have also 37 shown that elevated surface ozone concentrations have 38 deleterious effects on both crop production [Heck et al., 39 1983] and specific types of plants [Skelly, 2000] at concen-40 trations well below the current NAAQS standard of 80 ppbv. 41 On a global scale, surface ozone concentrations have 42 increased significantly during the past century [Volz and 43 Kley, 1988; Staehelin et al., 1994] the TOR methodology applied to the TOMS and SBUV 74 measurements. The stratospheric column ozone (SCO) is 75 the integrated amount of ozone above the tropopause 76 and its climatological distribution is in excellent agree-77 ment with a comparable quantity derived from Strato-78 spheric Aerosol and Gas Experiment (SAGE) profiles 79 [Wozniak et al., 2005] . Thus, in this study, we also 80 show that the IAV of SCO is consistent with earlier 81 studies that have examined the relationship between 82 TOMS total ozone and the QBO, leading to an impor-83 tant confirmation of the use of TOR methodology to 84 investigate IAV behavior.
85
[5] On the other hand, the regional and long-term 86 nature of the TOR fields is a unique attribute of this 87 data set. Whereas the QBO is observed on a significantly 88 large spatial scale in the stratosphere, we find that some 89 of the regions where significant air pollution is found 
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[6] TOMS total ozone measurements have been available and then was boosted to a higher orbit of 740 km to obtain 104 complete global coverage. For the current study, Nimbus-7 Figure 1 . Correlation coefficients between stratospheric column ozone (SCO) and one of the quasibiennial oscillation (QBO) indices (wind speed at 30 hPa over Singapore), displayed as a function of month and latitude. Instead of using zonally averaged SCO quantities, these correlations have been computed for three different east-west domains: near the Prime Meridian over and south of west Africa, south of India, and over the eastern Pacific. The blue and green regions indicate strong positive correlations (generally near the equator and at all times of the year) whereas the yellow and orange regions indicate regions of anti-correlation (generally at southern subtropical latitudes during austral spring).
105 TOMS data (Version 7) from 1979 through 1993 and Earth 106 Probe data from 1997 through 2000 have been analyzed. 107 Only data from the Nimbus-7 and Earth Probe have been 108 used in this study to take advantage of the availability of the 109 aerosol index information that is part of the correction we 110 apply to the measurements [Torres and Bhartia, 1999; 111 Fishman and Balok, 1999] .
112
[7] The SCO is determined from SBUV profiles integrated 113 from the tropopause to the top of the atmosphere. Before 114 integration above the tropopause, each SBUV profile is 115 empirically corrected so that the amount of ozone below the 116 tropopause is set equal to the monthly climatological 117 amount determined from the Logan [1999] analysis. This 118 quantity is then subtracted from the SBUV total ozone 119 column to derive the SCO [Fishman and Balok, 1999; 120 Fishman et al., 2003] . That value (i.e., the integrated ozone 121 amount above the tropopause derived from the SBUV 122 measurement) is then used as input to derive a stratospheric 123 ozone field using other such measurements over a 5-day 124 period to determine the field for the central day. That 125 quantity is then subtracted from the concurrent TOMS total 126 ozone amount on the central day to calculate the TOR for 127 this study. Tropopause height information for the current 128 study uses gridded (2.5°latitude by 2.5°longitude) analyses 129 provided by the National Centers for Environmental Pre-130 diction (NCEP). These analyses are produced every 6 hours 131 and the value closest to the time of the SBUV observation is 132 used in the current study. For the discussion presented in the 133 following sections, we present monthly maps that have been 134 derived from the TOR distribution calculated daily and then 135 averaged over the month. 
140
[8] In addition to quantifying the global nature of secular 141 trends in stratospheric ozone depletion, long-term total 142 ozone satellite measurements (i.e., TOMS and SAGE) have 143 been used to investigate multiyear cycles that also can be 144 found in these data records [Bowman, 1989; Chandra and 145 Stolarski, 1991; Tung and Yang, 1994; Kinnersley and 146 Tung, 1998 ]. One of the strongest and most clear-cut signals 147 found in these total ozone records is that of the quasi-148 biennial oscillation (QBO), a feature that was first observed 149 for stratospheric equatorial winds [Reed, 1965] . The QBO 150 is a well-documented meteorological phenomenon 151 [Lindzen and Holton, 1968] in which the zonal winds in 152 the lower stratosphere change direction with a periodicity 153 of 24 -30 months. In accordance with this change of wind 154 direction, the amount of ozone in the stratosphere also 155 changes where a strong westerly component is associated 156 with relatively higher amounts of ozone while an easterly 157 component is associated with relatively lower amounts. In 158 addition, the analysis of SAGE O 3 profile data has shown 159 that the QBO signal propagates throughout vertically 160 within the stratosphere [Hasebe, 1996; Randel and Wu, 161 1996] .
162
[9] In this section, we examine the relationship between 163 the stratospheric column ozone (SCO) and parameters that 164 can be used to define QBO. Kinnersley and Tung [1998] Niño 4 SSTAs), the AEJ and ITCZ appear to be displaced (Figure 7 , bottom). These depictions 302 suggest that meteorological conditions during El Niño years 303 favor strong subsidence in the lower troposphere over this 304 region. In addition to the increased subsidence, the meteo-305 rological data [Kalnay et al., 1996 ] also clearly show that 306 both the precipitation amounts and rate are considerably 307 lower during the El Niño summers relative to other years.
308
[15] The presence of widespread subsidence can be con-309 ducive to enhanced ozone in the troposphere for several 310 reasons. When rain is reduced, the relatively drier land and 311 clearer skies provide more favorable conditions for wide-312 spread vegetation burning which can lead to larger amounts 313 of ozone precursors being emitted. Such conditions are also 314 conducive to more sunshine and thus ozone being generated 315 more efficiently through enhanced photochemical activity. 316 Last, widespread subsidence would more efficiently bring 317 higher levels of ozone down from the upper troposphere and 318 lower stratosphere. Unfortunately, the sources of elevated 319 TOR values cannot be differentiated without in situ mea-320 surements that better define the vertical structure of ozone 321 within the troposphere. [16] The use of satellites to measure the distribution of 326 tropospheric trace gases has provided a new appreciation for 327 how local and regional emissions strongly influence the 328 resultant global distribution of these trace species. The 329 Figure 8 ( (1979, 1980, 1982, 1983, 1986, 1987, 1990, 1991, 1992, 1993, 1997) . Positive w 700 is indicative of subsidence. (bottom) Distribution of the correlation coefficient between w and the SOI index over Africa. Strongest correlation is found over Gulf of Guinea region. Table 1 ) with a peak in the summer, (Table 2) . Conversely, Table 2 shows that no such relation-372 ship is observed over China. [19] The significant associations shown in Table 2 also 374 correspond with the timing of the monsoon season in this 375 region. The monsoon season, like the TOR, exhibits con-376 siderable interannual variability [Krishnamurthy and 377 Shukla, 2000; Goswami and Mohan, 2001] . Figure 9 shows 378 a time series of the summer TOR over northern India and 379 the SSTA in Region 4. During summers of increased TOR 380 (1982, 1987, 1991 -1992) , it should be noted that there is 381 also reduced rainfall [Parthasarathy et al., 1995] . Coinci-382 dently, these same years correspond to the warm phase of 383 ENSO (i.e., ''El Niño'' years). A major factor contributing 384 to monsoonal variability has been its relationship with the 385 ENSO phenomenon. Drought years over India during the 386 summer monsoon are often, but not exclusively, associated 387 with warmer SSTAs in the equatorial central and eastern 388 Pacific (El Niño) and wet years with relatively colder 389 SSTAs (La Niñ a) [Rasmusson and Carpenter, 1983; 390 Webster and Yang, 1992; Ju and Slingo, 1995] . One factor 391 driving the monsoon-ENSO connection is the modulation in 392 the latitudinal shift of the ITCZ exhibited during a warm 393 phase of the preceding spring, which may be delaying the 394 onset of the monsoon [Ju and Slingo, 1995] . The delayed 395 northward shift in the ITCZ can affect the development of 396 the Somali Jet and subsequent onset of the southwest 397 monsoonal flow. This delayed onset has been shown to 398 lead to a weakened large-scale monsoonal circulation 399 (Somali jet) and thus a weaker monsoon overall (i.e., less 400 precipitation) [Shukla and Wallace, 1983; Ju and Slingo, 401 1995] 1982-1983, 1991, and 1997 -1998 ability using a data set that spans more than two decades.
521
This analysis shows that the methodology used to separate 522 the troposphere from the stratosphere in these concurrent 523 measurements from TOMS and SBUV instruments produces 524 two long-term records that are independent of each other. 525 Our analysis of the IAV of the SCO data reproduces 526 previous findings using TOMS total ozone and SAGE 527 stratospheric ozone profile measurements that show that 528 the amount of stratospheric ozone at low latitudes is highly 529 linked to meteorological processes that drive the QBO. On 530 the other hand, there is a much weaker relationship between 531 the TOR product derived from these same satellite measure-532 ments and the QBO. At the same time, we have shown that 533 there is a strong correlation between TOR and ENSO during 534 specific times of the year, but only at specific much smaller 535 scale regimes. The months that favor enhanced levels of 536 tropospheric ozone are consistent with our understanding 537 from a meteorological point of view as to why higher ozone 538 values should be produced; i.e., at times when subsidence is 539 more prevalent and when local precipitation is suppressed.
540
[27] In recent years, the development of air quality 541 models for understanding the formation of ozone episodes 542 has accelerated with the intent of becoming operational in 543 less than a decade [Dabberdt et al., 2004] . This study, on 544 the other hand, has used historical measurements in an 545 attempt to identify what meteorological regimes have been 546 most conducive to widespread ozone formation on a 547 monthly basis. Relating these monthly distributions to 548 prevailing meteorological conditions will hopefully provide 549 insight into analogous ozone-producing events on smaller 550 timescales that lead to prolonged elevated ozone events 551 providing the eventual capability of relating these situations 552 to what is observed at the surface, as was done by Fishman 553 and Balok [1999] . The first use of satellite information 554 being used in near-real-time to improve air-quality forecasts 555 has recently been demonstrated [Szykman et al., 2004; 556 Al-Saadi et al., 2005] with the goal to use such forecasts to 557 warn the public so that they can take measures to reduce 558 exposure to high pollutant concentrations as well as to 559 reduce emissions in specific regions so that less ozone is 560 actually produced. Achieving an understanding between 561 meteorology, satellite measurements representative of tro-562 pospheric pollution, and high concentrations at the ground 563 is long-term goal of this research [Fishman et al., 2005] and 564 clearly beyond the scope of the present study. However, we 565 feel that this study has succeeded in showing that regional 566 TOR distributions are influenced by prevailing meteorolog-567 ical conditions related to large-scale weather patterns and 568 that this is the first step in attempting to forecast high 569 tropospheric ozone levels on shorter timescales. In turn, 570 using such information in a short-term predictive mode can 571 mitigate the pollution's detrimental effects on human health.
572
[28] This study has used satellite data from two satellites 573 originally designed in the 1970s that had not been intended 574 to derive any information about tropospheric ozone. With 575 the launch of the ESA's (European Space Agency) Envisat 576 in 2002 and NASA's (National Aeronautics and Space 577 Agency) Aura in 2004, new generations of instruments 578 are measuring ozone and ozone pollution precursors 579 with capabilities that provide much better resolution and 580 accuracy. As the data from these satellites become available 581 to the scientific community, we expect to glean even more 582 insight into how regional and global pollution patterns 583 evolve and how such patterns are related to prevailing 584 meteorological conditions. Last, as these new measurements 585 become available from these satellites, the data described in 586 this study can also be used as a benchmark to quantify how 587 atmospheric composition has been modified over decadal 588 timescales.
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